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INTRODUCTION 
The  effects of narcotics on several types of cell including  yeast,  luminous 
bacteria, and brain cortex have suggested to us (Fisher and Stem,  1942)  that 
the normal oxygen consumption of those cells may be due to two or three paral- 
lel chains of oxygen-consuming reactions.  It was shown in yeast that normal 
cell division appears to depend upon  the  operation of a  specific one of these 
fractions of the total oxygen consumption of the cell.  Implications having a 
possible general interest arise from this interpretation of the effects of narcotics 
(Fisher,  1942).  It is  consequently  desirable  that  its validity be thoroughly 
explored. 
Within the past few years the conditions necessary to maintain bacteria-free 
cultures of many protozoa have been determined.  It is therefore feasible to 
study the relation between cell respiration and cell division in these cells in the 
manner applied to yeast.  Experiments have now been made for this purpose 
on the ciliate,  Tetrahymena geleii  (Fergason,  1940),  as many of the conditions 
and characteristics of growth in it are known,  and since it was already being 
maintained in pure culture for other purposes by one of us  (Ormsbee,  1942). 
Specifically, the effects have been determined of a  series of concentrations  of 
ethyl carbamate (urethane) on the rate of cell division and on the rate of oxygen 
consumption  in  that  organism. 
Material and Methods 
The Hetherington strain of the ciliate,  Tetrahymena  geleii was used in the experi- 
ments to be reported.  The cultures were grown in 250 ml. flasks of the type described 
by Kidder (1941).  Each flask contained 100 ml. of the medium, a 2 per cent solution 
of Difco proteose peptone in redistilled  water prepared in a Pyrex still.  The methods 
of making sterility checks and population counts are described by Ormsbee (1942). 
To determine the effect of urethane on growth, various quantities of this substance in 
solution  (sterilized  by Seitz  filtration)  were added  to the  cultures after these had 
reached the exponential phase of growth. 
The organisms used for the respiratory measurements were taken from flasks for 
which the population curve was determined as growth proceeded.  Experiments were 
made on ceils from cultures in the exponential phase of growth as well as from cul- 
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tures  which had  reached  the stationary phase.  To obtain material  for use in  the 
respirometers the ciliates were separated from the medium by centrifugation at 1500 
R.P.M. and then washed three times with 0.005 ~  phosphate buffer at pH 6.9. Oxygen 
consumption  was  measured  in  that  substrate-free  buffer  and  also  in  the  nutrient 
proteose peptone solution using Warburg's direct method  (Dixon,  1934).  The rate 
of shaking was not a  limiting factor at the density of the suspension  of organisms 
(100,000  to 500,000 organisms per ml.) used for the measurements. 
RESULTS 
Each respiratory experiment typically lasted 1.5 to 2.5 hours and the rate of 
oxygen consumption during this interval was constant even in the presence of 
urethane. 
TABLE I 
The A~erage Oxygen Consumption of Tetrakymena geleii at Different  Concentrations of Etkyl 
Carbamate 
Ur concentration 
M 
0.023 
0.045 
0.090 
0.12 
0.14 
0.17 
0.20 
0.31 
0.38 
No. of 
experiments 
14 
15 
16 
5 
18 
14 
14 
4 
3 
Average 
respiration 
as per cent 
control  (= U) 
82 
80 
75 
72 
65 
57 
47 
36 
9 
Average 
inhibition  as 
per cent control 
(= I) 
18 
20 
25 
28 
35 
43 
53 
64 
91 
U 
T 
4.56 
4.00 
3.00 
2.57 
1.87 
1.33 
0.89 
0.56 
0.10 
Log 10s -~ 
2.66 
2.60 
2.48 
2.41 
2.27 
2.12 
1.95 
1.75 
1.00 
The data from which Fig. 1 was prepared. 
Observations made with the organisms suspended in buffer containing various 
concentrations of the narcotic are given in Table I  and Fig.  1.  The data are 
plotted on the axes most conveniently used to test the possibility of describing 
the  observations  by an  equation  derived  from the  mass  law  (for details  see 
Fisher  and  Stern,  1942).  It  is  evident  that  the  points  do  not  fall  along  a 
straight line.  Actually the bend in the curve of the figure is so sharp that two 
straight lines meeting at a urethane concentration of 0.1 M (log 102 [Ur] =  1.0) 
would describe these points quite accurately.  These data closely resemble the 
observations  on  yeast. 
The concentrations of urethane quoted in the figure were calculated from the 
quantities added to the vessels.  This procedure is permissible since the degree 
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to be independent of the number of organisms present.  Hence the calculated 
concentration was not appreciably altered by the quantity  of narcotic taken 
up by the cells. 
Observations made on the viability of the protozoan after treatment with 
the narcotic lead to the conclusion that the inflexion shown in the figure must 
be considered a  characteristic of normal cells.  Complete removal of the nar- 
cotic effects seems to be possible after exposures to 0.31 ~  solutions for one- 
half hour.  Reversibility was demonstrated by following the growth rate of a 
culture inoculated with organisms which had been treated with urethane.  In 
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FIa. 1.  The effect of ethyl carbamate on the oxygen consumption of Tetrattymena 
geleii.  U  is the rate of oxygen consumption in the presence of a  given molar con- 
centration of the inhibitor Ur.  I  is the difference between U and the normal respira- 
tion in the absence of the inhibitor.  The notation beside three of the points indicates 
the number of separate observations averaged to obtain each of them.  Each remain- 
ing point is the average of fourteen to sixteen  individual measurements.  Appreciable 
cytolysis occurs at the highest value of Ur used and that point therefore should  be 
given less weight than the other points. 
addition the motility and gross appearance of the cells return to normal within 
40 minutes after the  organisms are removed from the urethane solution into 
distilled water or proteose peptone.  Cytolysis of the organisms is produced by 
0.38  M nrethane  nearly instantly,  but  it is  clear that  the bend in  the  curve 
shown in Fig. 1 occurs at a concentration of the narcotic, approximately 0.1 ~, 
well below that which causes cell damage.  As in the case of yeast, one must 
assume that  the  particular  relation found between  concentration  and  effect, 
and shown in Fig.  1, is a  property of the cellular respiratory systems.  Since 
it is not a straight line it must be concluded, unless we imagine the existence of 
unrecognized complications, that the narcotic does not combine quantitatively 
in accordance with the mass law at a single locus in the cell.  It is also unlikely 
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different  catalysts  in  the  cell,  for in  this  case  the  average result would  un- 
doubtedly be similar to that characteristic of the single locus. 
It was conceivable that the effect of the narcotic might be related to the par- 
ticular growth phase of the population from which  the cells were taken and 
perhaps also to the presence or absence of nutrient materials.  Both of these 
factors exert a pronounced effect on the absolute rate of oxygen consumption by 
this ciliate (Ormsbee, 1942).  We found that the growth phase of the culture 
does not affect significantly the curve which results when the data are plotted 
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FTo. 2.  The effect of urethane on the rate of cell division  in Tetrahymena geleii. 
Each curve represents the number of cells present in the culture at various times. 
Urethane was added  to give the molar concentrations indicated  beside  each curve 
when the cultures were 20 hours old.  Curve C represents growth in a control culture 
without added narcotic. 
as in Fig.  1.  The values shown in that figure actually include measurements 
on cells from cultures in the exponential phase of growth as well as from cultures 
which had reached the period of stationary growth.  Proteose peptone increases 
the rate of oxygen consumption by these cells three to five times and we have 
noted that the respiration in the presence of this nutrient may be slightly more 
sensitive to urethane  than it is without  it.  Preliminary experiments showed 
that the shape of the curve relating inhibitor concentration and rate of oxygen 
consumption, plotted as in Fig. 1, is not significantly altered by the presence of 
nutrient.  Consequently those observations were not extended. 
Portions of the growth curves for Tetrahymena gdeii in various concentrations 
of urethane are shown in Fig. 2.  These data represent eight experiments in- 
cluding forty-four separate cultures.  Each point, as in the case of the respira- R. A. ORI~SBEE  AND  K. C. ]?ISIIER  465 
tory data, is the average of several values.  It will be noted that the degree of 
inhibition increases as the concentration of urethane rises,  until at approxi- 
mately 0.1 •,  cell division is inhibited completely. 
Fig. 2 also shows that death due to urethane occurs to an appreciable degree 
in a 0,16 ~  solution only after an exposure of 5 hours. 
It is apparent that the minimum concentration of narcotic which produces a 
complete block of cell division is the concentration at which the bend in the 
plotted respiratory data  (Fig.  1)  occurs.  That concentration removes only 
26 per cent of the oxygen consumption.  It is at once evident that one series 
of chemical reactions cannot be responsible for both oxygen consumption and 
cell division, for a given chain of reactions cannot be inhibited only 26 per cent 
and at the same time 100 per cent.  The unequal effects of urethane on oxygen 
consumption and cell division constitute then specific evidence for the existence 
of a system of reactions, the "activity" system, concerned with growth and cell 
division which is distinct from other reactions responsible for oxygen consump- 
tion in the cell.  The activity system itself must be connected with oxygen 
consumption in some way, however, because cell division in this ciliate depends 
upon the presence of oxygen (Phelps, 1935) as it does of course in all aerobes. 
It is not possible to consider at this time the several conceivable mechanisms 
by which the consumption of oxygen might be related to the function of the 
activity system (cf. Fisher, 1942).  However, one of these provides a satisfac- 
tory description of the data in considerable detail and is therefore worthy of 
attention.  From the fact that cell division in this organism is dependent on 
oxygen, it is reasonable to infer that the activity system consumes oxygen so 
that there must be two systems of oxygen-consuming reactions in Tetrahymena 
geleii.  Suppose that in each there is an enzyme reversibly inhibited by ure- 
thane.  For the reaction of the narcotic (N) with the enzyme (E) we can, with 
respect to each site of narcotic action write 
E  +  aN ~  ENo,  (t) 
the  constant a  representing the number of units  of narcotic which  combine 
with one unit of enzyme in order to form the inactive complex (ENa).  If the 
mass law governs the reaction of the inhibitor at each of the two sites, then an 
equation can be set up to describe the relation between concentration and in- 
hibition  of  oxygen  consumption  for  each  of  the  two  systems  respectively. 
From the  two equations the total oxygen consumption  (=  sum of the con- 
sumptions by the two systems) remaining at each narcotic concentration and 
the  total  oxygen consumption  lost  due  to  the  inhibitor  can  be  calculated. 
These calculated values of U and I  respectively for the whole cell may then be 
treated as were the experimental data in Fig.  1.  The line in that figure was 
obtained in this way from the curves shown in Fig. 3.  It is apparent that the 
form of the calculated relation closely approximates that of the observations. 466  U'R~THANE  AND  CELL  DIVISION 
It should be noted that the constants used in the two equations cannot be 
calculated  directly  from  the  experimental  data--one  has  to  estimate  them 
graphically by trial.  It is likewise impossible to allocate accurately the proper 
fraction of the total respiration to the respective systems.  The absolute pre- 
cision  with  which  the  calculated  line  describes  the  experimental  data  thus 
depends to a  degree upon the care taken in estimating the constants. 
A  significant fact emerges from the trials made before arriving at the line 
shown  in  Fig.  1.  In general  it  appears  that  the  bend  characteristic  of the 
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FIG. 3.  The theoretical curves expressing  as a function of log Ur the inhibition of 
each of the two respiratory systems postulated to account for the experimental ob- 
servations shown in Fig.  I.  The total oxygen consumption of the cell in the absence 
of the inhibitor is taken as 100 units, 20 of these being contributed by system I, the 
remaining 80 by system IlI.  The constants for the expression  of the mass law are 
given for each curve.  At any given urethane concentration the number of units of 
respiration which have been lost due to the inhibitor is the sum of the losses from each 
of the two systems.  Conversely the respiration still present is the sum of the units 
still  contributed by each system. 
data in the figure does not occur in the calculated line unless one of the two 
systems is inhibited appreciably by narcotic concentrations which are too low 
to affect the other.  The respiratory data  themselves thus  suggest not  only 
that two sites of narcotic action are involved, but also that these two are un- 
equally  sensitive  to  urethane.  It  immediately  follows  that  if  cell  division 
is  dependent  on  the  more  sensitive system that process would  be relatively 
more sensitive than  is  the  total oxygen consumption.  At the concentration 
marked by the bend the inhibition of the relatively insensitive system is only 
commencing to be significant  (Fig.  3).  Since cell division is stopped by this 
concentration,  the inhibition of cell division does appear to parallel inhibition 
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In every respect then the experimental data are satisfied by the conclusion 
that the total oxygen consumption of Tetrahymena geleii is the sum of the con- 
sumptions by two separate parallel respiratory systems upon one of which cell 
division depends.  One  cannot positively exclude other  interpretations,  but 
until these can be tested more rigorously than is possible at present the arrange- 
ment outlined above must be considered the most likely one. 
Preliminary  measurements  of  the  oxygen  consumption  of  both  Colpoda 
steinii  and Glaucoma scintillans  suggest that in these  forms too the normal 
respiration actually represents the activity of two respiratory systems. 
DISCUSSION 
The possibility arises that interference with the rate of cell division may al- 
ways be the consequence of interference with the operation of some component 
of the activity system.  It is interesting to note in this connection that the 
consumption of oxygen by the activity system does not of itself ensure cell 
division.  The data in Fig. 1, for example, were obtained with the organisms 
suspended in a  solution of salts in which cell division is not observed.  Even 
in those experiments with nutrient materials present the concentration of or- 
ganisms used was sufficient to prevent cell division (Ormsbee,  1942), yet evi- 
dence for the functioning of the activity system appeared.  It is apparently 
possible to prevent the activity of growth and cell division without interfering 
with the respiratory system which supports it.  At least the interference is not 
revealed by the experiments reported thus far. 
SUM~4J~Y AND CONCLUSIONS 
1.  The inhibition of oxygen consumption produced by a series of concentra- 
tions of ethyl carbamate has been  measured  in  the  protozoan  Tetrahymena 
geleii. 
2.  The relation found between the narcotic concentration and its effect on 
respiration  leads to  the  conclusion that urethane has two distinct modes of 
action in this cell.  The respiratory data can be accurately predicted by assum- 
ing that the inhibitor acts on two independent parallel respiratory systems. 
3.  Complete suppression of cell division in this organism is brought about by 
approximately 0.1  M urethane. 
4.  Urethane concentrations up to 0.1 ~  affect primarily only one of the two 
postulated respiratory systems.  The mechanism of the narcosis of cell division 
in this organism by urethane thus appears to be inhibition of this "activity" 
system. 
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